Micromorphological differences in leaves and pollen between two American (Fraxinus americana L., F. pennsylvanica Marshall) and two European (F. angustifolia Vahl, F. excelsior L.) ash species were studied using scanning electron microscope. The types, dimensions and distribution of characteristic trichomes were established and measured. Capitate hairs on the leaves had the same shape in all researched ash species. Acicular hairs were regularly present in two American ash species, but very rarely in the glabrous phase of F. angustifolia and F. excelsior. Only F. americana had coronulate abaxial surface of leaves. Pollen of F. angustifolia and F. excelsior had 3 (tricolpate) apertures, and F. americana and F. pennsylvanica 4 (stephanocolpate) apertures. Based on the appearance of the reticulum it's possible to clearly distinguish all four species. F. angustifolia and F. pennsylvanica had muri with transversal ridges and seldom granules. Muri of F. excelsior and F. americana had slightly visible transversal ridges, and because of that noticeable granules.
Introduction
White ash (Fraxinus americana L.) was introduced in Europe in 1723 and green ash (F. pennsylvanica Marshall) in 1824 (Hegi 1908) . One herbarium sample with twigs and fruits of F. pennsylvanica, collected in Lipik, Croatia in 1877 is in the herbarium of the Botanical Department of the Faculty of Sciences, University of Zagreb, Croatia. In the herbarium of the Botanical Garden of the Karl-Franzens University in Graz there is a sample of F. americana collected from the Klenert nursery in 1928, and the sample of F. pennsylvanica collected in 1947 from a forest fringe in Petersbergen near Graz. Ettinger (1889 Ettinger ( , 1892 was the first who mentioned F. americana and F. pennsylvanica among the species growing in the public garden Maksimir in Zagreb, and in the Botanical Garden of The Royal University Franjo Josip I in Zagreb. Introduction of F. americana and F. pennsylvanica in urban area was followed by afforestation of the lowlands (Kozarac 1898; Španović 1931; Kremer 2001) .
F. americana and F. pennsylvanica are commonly not distinguished in Croatia, and they are known usually under one name -"American ash". This could be attributed to difficulties in determining American ash species. They are very variable species and there are no plainly visible morphological characteristics, which would give complete and unequivocal separation (Tay-lor 1972) . Because of that, the micromorphological differences in leaves and pollen between two American (F. americana, F. pennsylvanica) and two European ash species (F. angustifolia Vahl -narrow-leaved ash, F. excelsior L. -common ash) were studied.
F. excelsior and F. angustifolia are variable species too. According to Amaral & Rocha (1972) 
Material and methods
Samples of leaves and pollen of researched species were collected in 2002 and 2003. The list of the researched species and their origin is given in Table 1 . Voucher specimens are deposited in the Herbarium of the Department of Pharmaceutical botany, Faculty of Pharmacy and Biochemistry, Zagreb, Croatia. Eight randomly selected sun leaves were collected from the middle and low part of the crown (two leaves from the eastern, northern, western and southern sides) of alone standing trees. Terminal leaflet and one leaflet from basal pairs of one compound leaf were used as samples. Samples were fixed in ethanol-acetic acid (3:1), transferred to glutaraldehyde, dehydrated and critical point dried (Müller et al. 2003) . Following chemicals were used: ethanol (Kemika, Zagreb, Croatia); acetic acid, glacial (Kemika, Zagreb), and glutaraldehyde solution, 25% (Sigma, Germany). Leaf specimens (and pollen samples without any treatment) were mounted on carbon-coated double-sided tape, sputter-coated with gold and investigated with a Phillips XL 30 (20 kV) scanning electron microscope under different magnifications. The diameter of 30 capitate hairs, the basal diameter of 30 acicular hairs and the length and width of 30 stomata were measured on specimens transects. The length and width of stomata were obtained by mathematical calculation (each guard cell was measured separately). In this way, 480 measurements per tree were obtained for each of the analysed traits. Also, the stomatal density per mm 2 was measured on each specimen.
Pollen was collected when the majority of male flowers had dehisced anthers from 5 (F. americana and F. pennsylvanica) or 10 (F. angustifolia and F. excelsior) randomly selected trees. The pollen of 5 (or 10) trees was mixed to obtain random samples. Pollen samples were stored in glass vials at −20 • C prior to the analysis. The length of 150 pollen grains was measured.
In the description of leaves and pollen's micromorphology a common terminology was used (Metcalfe & Chalk 1978; Moore & Webb 1978; Payne 1978; Hardin & Beckmann 1982; Ricciardelli D'Albore 1997; Westerkamp & Demmelmeyer 1997; Ohe & Ohe 2000) .
Statistical analysis was obtained by one-way ANOVA (for pollen samples) and nested design (populations nested in species) of ANOVA using Scheffé's post-hoc test. The number of acicular hairs in leaf samples of F. angustifolia and F. excelsior was not sufficient for statistical analysis. Since the data did not meet a standard assumption needed for the analysis of variance, the data were transformed. The results of measuring diameters of capitate and acicular hairs were transformed using 1/ √ x, the results of measuring lengths and widths of stomata using logarithmic computation (Scheffé 1959; Box & al. 1978; Sokal & Rohlf 1981) . The statistical analysis was performed with SAS software 6.12 (SAS Institute, Cary, NC, USA) and Statistica 6.0 (StatSoft, Inc., Tulsa, OK, USA).
Results

Leaves
Descriptive statistics for analysed micromorphological traits of leaves are shown in Table 2 . In all researched ash species there were capitate hairs of the same shape (Plate 1/a-d) on both, abaxial and adaxial leaf surfaces, on major veins, on vein lets and in interveinal areas. Capitate hairs were short, unbranched, recessed, perpendicular, seen as non-collapsed or collapsed. Surfaces of capitate hairs were smooth, with more or less expressed lobes. In collapsed hairs the lobes were lifted, shrunk and wrinkled. Capitate hairs of F. americana were the smallest, they were larger in F. angustifolia, even larger in F. pennsylvanica, and the largest in F. excelsior (Table 2 ). Scheffé's post-hoc test showed that there were no significant differences among particular populations of studied species except in F. excelsior (Table 3 ).
In the researched samples of F. angustifolia and F. excelsior, the acicular hairs were very rarely noticed, and only on the adaxial side of leaves (Plate 1/e and f). Acicular hairs were always present in F. pennsylvanica and F. americana (Plate 1/g and h) on adaxial and abaxial surface, mostly on major veins and vein lets and only rarely present in interveinal areas. They were multicellular, unbranched, perpendicular, curving or wavy, but they could incline to a position almost parallel with the surface. Acicular hairs had smooth surface, more or less parallel walls at the base, and a more or less pointed tip. Scheffé's post-hoc test showed significant differences among particular populations of studied species, as well as between species (Table 3) . The length of acicular hairs ranged from 32.20 µm to 751.10 µm in F. pennsylvanica and from 14.30 µm to 601.10 µm in F. americana.
F. angustifolia had the shortest stomata, and the differences between F. angustifolia and the other species were significant in many cases (Tables 2, 3 ). Scheffé's post-hoc test has shown within-species variability only in F. angustifolia. The narrowest stomata were in F. americana and in F. pennsylvanica, while those in F. angustifolia were wider, and those in F. excelsior the widest. There was no significant difference for the width of stomata within-species (Tables 2, 3) . F. angustifolia had the greatest density of stomata (371/mm 2 ), followed by F. pennsylvanica (218/mm 2 ), then F. excelsior (205/mm 2 ), and F. americana, which had the lowest density (147/mm 2 ).
Only F. americana had coronulate abaxial surface with irregularly striated, raised projections which are often interconnected by narrow ridges (Plate 1/i).
Pollen
The equatorial view of European ash species pollen had elliptic shape, but the pollen of F. angustifolia was more angular than that of F. excelsior. The polar view of pollen of both species had circular or triangular shape with poorly visible apertures (Plate 2/a and b). The equatorial view of F. pennsylvanica pollen was irregularly elliptic, and that of F. americana was more or less quadrangular. The polar view was quadrangular with poorly visible apertures in both American ash species (Plate 2/c and d). There was no prominent difference in the structure of colpi neither between F. angustifolia and F. excelsior, nor between F. americana and F. pennsylvanica. Apocolpium and mesocolpium were large in all four species. Apertures in pollen of American ash species were a little wider than apertures in European ash species.
F. angustifolia had finer reticulum than F. excelsior (Plate 2/e and f). Muri of F. angustifolia had transversal ridges and seldom granules, while muri of F. excelsior had slightly visible transversal ridges and noticeable granules. Lumina were wide and irregularly shaped in both European ash species, variable in size, rarely with very small sized single lumina, and with obtuse angles. The mesh contour in F. pennsylvanica and F. americana was usually smaller, rarely similar in size to those in European ash species (Plate 2/g and h). Muri of American ash species had the same width or they were wider than muri in European ash species. Muri of F. pennsylvanica had supratectal transversal ridges and sometimes poorly visible granules. Muri of F. americana rarely had more visible ridges so the granules were more noticeable. Lumina were smaller in American ash species and they had the same width as muri, sometimes were narrower or rarely somewhat wider. They had different size, irregular shape with obtuse angles and were not smaller toward the apertures.
According to Kremp's (1965) classification, pollen of all researched ash species belongs to middle large pollen. F. americana had the shortest and F. excelsior the longest pollen grains (Table 2 ). Scheffé's posthoc test showed significant difference among studied species, except between F. angustifolia and F. pennsylvanica (Table 4 ).
Discussion
Acicular hairs were regularly present in two American ash species, but very rarely in researched samples of European ash species. According to Amaral and Rocha (1972) it could be concluded that researched plants of F. excelsior and F. angustifolia belong to the glabrous phase of those species, i.e. F. angustifolia ssp. angustifolia and F. excelsior ssp. excelsior. F. angustifolia and F. pennsylvanica had higher stomatal density, in contrast to F. excelsior and F. americana. An even larger difference in the stomatal density between F. pennsylvanica (300/mm 2 ) and F. americana (100/mm 2 ) was shown in Taylor's (1972) research. According to Taylor, F. pennsylvanica had Plate 1. Capitate hairs on the abaxial leaf surface in F. angustifolia (a), F. excelsior (b), F. pennsylvanica (c), and F. americana (d). Acicular hairs on adaxial leaf surface in F. angustifolia (e) and F. excelsior (f); acicular hairs on abaxial leaf surface in F. americana (g) and F. pennsylvanica (h); coronulate abaxial leaf surface in F. americana (i); appearance of the abaxial leaf surface in F. pennsylvanica (j). longer (16-28 µm) stomata than F. americana (12-18 µm) . The average lengths of stomata in F. americana in our paper were 23.47 µm and 24.63 µm (Table 2) , i.e. much larger than in Taylor's research. That could require further cytological research of our samples, due to the fact that Santamour (1962) found such long stomata (22.6 µm) in tetraploid (2n = 92 chromosomes) plants of F. americana, compared to diploid F. americana plants where the stomata length was 16.8 µm.
Coronulate papillae (Plate 1/i) were irregularly striated, distinctly raised projections, one per cell, and often interconnected by narrow ridges (Hardin & Beckmann 1982) . They were found only on the abaxial side of leaves of F. americana. Miller (1955) and Taylor (1972) use the term papillose to refer to the coronulate condition (Hardin & Beckmann 1982) . Taylor (1972) described coronulate papillae in F. americana such as finger-like projections present on the lower epidermal Plate 2. Tricolpate pollen of F. angustifolia (a) and F. excelsior (b); stephanocolpate pollen of F. pennsylvanica (c) and F. americana (d); muri with transversal ridges and seldom granules in F. angustifolia (e) and F. pennsylvanica (g); muri with slightly visible transversal ridges and noticeable granules in F. excelsior (f) and F. americana (h). At first glance, the pollen of all studied ash species is similar in shape, but detail analysis shows considerable differences, worth to be investigated. Punt et al. (1991) described in detail the pollen of F. angus-tifolia and F. excelsior, and stated that the F. angustifolia and F. excelsior have 3 (tricolpate) sometimes 4 (stephanocolpate) apertures. In F. angustifolia they found ca. 15% of 4-colpate pollen grains. They also quote Aubert et al. (1959) who described only 2% of 4colpate pollen grains in their material and Visset (1973) who did not mention any variation in the number of colpi. The researched pollen of F. angustifolia contained no pollen grains with 4 apertures. In some cases, polar view of pollen grains with very sunken mesocolpi (due to the preparation method), could be interpreted as a grain with 4 apertures. F. pennsylvanica and F. americana had 4 apertures in researched samples, although Martin & Drew (1970) register pollen of F. pennsylvanica as tricolpate. However, Jones et al. (1995) register pollen of F. pennsylvanica as stephanocolpate similarly to this paper. In this research it was established that all four species could be clearly distinguished based on the appearance of reticulum. Punt et al. (1991) did not mention the presence of granules on the muri of F. angustifolia, but they were found in studied samples (Plate 2/e). Also, they did not mention transversal ridges on muri in F. excelsior, which were slightly visible in researched samples (Plate 2/f).
Conclusions
Preliminary results of researched micromorphological traits of leaves and pollen of two European (F. angustifolia and F. excelsior) and two American ash species (F. americana and F. pennsylvanica) revealed some novelties and confirmed some existing literature data.
Capitate hairs on the leaves had the same shape in all researched ash species. Acicular hairs were regularly present in two American ash species, but very rarely in the glabrous phase of F. angustifolia and F. excelsior. F. americana had coronulate abaxial surface, which makes this species unique among the studied species.
F. angustifolia and F. excelsior had 3 (tricolpate) apertures, while F. americana and F. pennsylvanica had 4 (stephanocolpate) apertures. F. angustifolia and F. pennsylvanica had muri with transversal ridges and seldom granules. Muri of F. excelsior and F. americana had slightly visible transversal ridges, and because of that noticeable granules. Based on the appearance of reticulum it is possible to clearly distinguish all four species.
